Phosphatidate phosphatase-1 (PAP1) enzymes have a key role in glycerolipid synthesis through the conversion of phosphatidate to diacylglycerol, the immediate precursor of triacylglycerol, phosphatidylcholine, and phosphatidylethanolamine. PAP1 activity in mammals is determined by the lipin family of proteins-lipin-1, lipin-2, and lipin-3-which each have distinct tissue expression patterns and appear to have unique physiological functions. In addition to its role in glycerolipid synthesis, lipin-1 also operates as a transcriptional coactivator, working in collaboration with known nuclear receptors and coactivators to modulate lipid metabolism gene expression. The requirement for different lipin activities in vivo is highlighted by the occurrence of lipodystrophy, insulin resistance, and neuropathy in a lipin-1 deficient mutant mouse strain. In humans, variations in lipin-1 expression levels and gene polymorphisms are associated with insulin sensitivity, metabolic rate, hypertension, and risk for the Metabolic Syndrome. Furthermore, critical mutations in lipin-2 result in the development of an inflammatory disorder in human patients. A key goal of future studies will be to further elucidate the specific roles and modes of regulation of each of the three lipin proteins in key metabolic processes including triglyceride and phospholipid synthesis, fatty acid metabolism, and insulin sensitivity.
Introduction
The synthesis and storage of glycerolipids has a central role in the maintenance of energy homeostasis. Triacylglycerols (TAG) are the most calorie-dense form of energy storage, and their accumulation in adipose tissue allows animals to withstand fasting during sleep or prolonged periods of food deprivation. The current prevalence of obesity and its association with pathologies including insulin resistance, diabetes, dyslipidemia, hypertension, coronary heart disease, and cancer has generated increased interest in understanding the processes that promote adipogenesis and modulate lipid storage in adipocytes. Furthermore, the study of rare genetic forms of lipodystrophy, and the rising incidence of acquired lipodystrophy associated with drugs used to treat HIV infection, has highlighted the critical function of normal adipose tissue in maintaining metabolic homeostasis. As a result, recent years have been marked by the identification, cloning, and physiological characterization of many of the key enzymes in the glycerolipid biosynthesis pathway, some of which are featured in other articles in this Thematic Review series. This review focuses on the lipin proteins, their functions as phosphatidate phosphatase-1 enzymes in glycerolipid biosynthesis, as transcriptional coactivators with effects on fatty acid oxidation, and their physiological roles as determinants of adiposity and insulin sensitivity.
Identification of the lipin gene family
In 1981, a spontaneous recessive mutation occurred in a mouse colony at the Jackson Laboratory. The mice appeared normal at birth, but when they began to suckle, they exhibited retarded growth rate and developed a profoundly fatty liver and hypertriglyceridemia (1) .
Interestingly, the fatty liver and hypertriglyceridemia resolved as the mice reached two weeks of by on October 1, 2008 www.jlr.org Downloaded from age and were weaned from a high milk fat diet. However, the mutant animals maintained about 25% lower body weight and developed peripheral neuropathy characterized by tremor and hind limb motor defects throughout adulthood. Based on these phenotypes, the mutation was named fatty liver dystrophy (fld). It was later determined that fld mice have virtually no adipose tissue and develop insulin resistance (2) , characteristics that these mice share with forms of severe lipodystrophy in humans (3) .
In 2001, the gene affected by the fld mutation was identified using a positional cloning approach, revealing a null mutation in a novel gene (Lpin1) encoding a 98 kDa protein that was named lipin-1 (4) . Commensurate with the lipodystrophy phenotype, Lpin1 is prominently expressed in white and brown adipose tissue, and it is induced during differentiation of adipocyte cell lines. Lpin1 expression also occurs at very high levels in skeletal muscle and testis, and at lower levels in several tissues including liver, kidney, and brain. Lpin1 is also expressed in Schwann cells of peripheral nerves, and its deficit in these cells causes the peripheral neuropathy observed in the fld mouse (5, 6) . Two lipin-1 protein isoforms of 891 amino acids (lipin-1A) and 921 amino acids (lipin-1B) are generated from the Lpin1 gene by alternative mRNA splicing.
These have some distinct properties (7, 8) , as discussed in a later section.
In mammals, there are two additional lipin protein family members, encoded by Lpin2 and Lpin3 (4). The three mammalian lipin genes differ in their tissue expression patterns (9) , suggesting that they have unique physiological roles, although very little is currently known about the functions of lipin-2 or -3. Lipins appear to play a fundamental role in cellular metabolism, as species ranging from yeast to invertebrates and plants have either one or two (in fish and plants) orthologous lipin genes. All lipin proteins share some common structural features. These include one or more nuclear localization signals, and large regions at the amino by on October 1, 2008 www.jlr.org
Downloaded from
and carboxyl-terminal ends (N-LIP and C-LIP domains, respectively) that are highly conserved among all species. It was through the study of glycerolipid biosynthesis in yeast that the function of lipin-1 proteins as enzymes required for triglyceride and phospholipid synthesis was first elucidated, as described below.
Lipin proteins are PAP1 enzymes required for glycerolipid synthesis
In mammals, the glycerol phosphate pathway is responsible for TAG synthesis in most tissues, including adipose tissue (10) . TAG synthesis from glycerol phosphate occurs through the step-wise addition of acyl groups, catalyzed by distinct enzyme classes ( Fig. 1) . cDNA probes for members of each acyltransferase enzyme class have been isolated, but until recently, the molecular identity of the enzyme that converts phosphatidate to diacylglycerol remained elusive. The enzyme responsible, known as phosphatidate phosphatase-1 (PAP1), had been extensively studied since the 1950's and was shown to provide the diacylglycerol that is a necessary precursor for the synthesis of TAG as well as phosphatidylcholine and phosphatidylethanolamine (11) (12) (13) . Unfortunately, the isolation of PAP1 from mammalian sources proved to be difficult, due in part to instability of the protein, the methods used at the time for determining PAP activity (14) , and the existence of multiple isoforms in tissues such as liver.
More recent studies in S. cerevisiae led to the successful purification and identification of yeast phosphatidate phosphohydrolase, Pah1p (15) . Sequence analysis of this protein revealed that it is the yeast lipin orthologue. PAP1 enzyme activity is conferred by the DxDxT motif that is present in the C-LIP domain of Pah1p, and in all lipin family members in all species (see lipin-2 and lipin-3-also exhibit PAP1 enzyme activity (9, 15) . Despite the fact that all lipin proteins possess PAP1 enzyme activity, mouse and human mutations indicate that they have unique physiological roles. Studies of tissues from lipin-1-deficient fld mice revealed that lipin-1 accounts for all of the PAP1 activity in adipose tissue and skeletal muscle, but that the other lipin protein family members likely contribute in other tissues (9, 16) .
The identification of lipin proteins as PAP1 enzymes immediately made available a large body of literature concerning the biochemistry and regulation of these proteins. For example, previous biochemical studies demonstrated that glycerolipid synthesis occurs mainly on membranes of the endoplasmic reticulum (ER) of mammalian cells, although some contribution may come from mitochondria. However, when glycerolipid synthesis from fatty acids was measured with microsomal membranes, there was relatively little production of diacylglycerol and TAG. The formation of these latter lipids was greatly enhanced by addition of the cytosolic fraction. Thus, it was postulated that the cytosol contributed unknown stimulating factors (13, 17) . After several years of investigation, the heat-labile stimulating factor was identified as a soluble PAP (18, 19) , which is now attributable to the activity of the lipins. Furthermore, from additional early studies of PAP1 activity, it is known that lipins translocate from the cytosol to the ER membrane in response to elevated cellular fatty acids levels (20) (Fig. 1) .
It should be noted that in addition to the cytosolic PAP1 activity that corresponds to lipin proteins, there is also a very active membrane-bound PAP activity that does not normally contribute significantly to glycerolipid synthesis. This membrane-bound enzyme activity can be detected both in microsomal membranes and plasma membranes. This activity was originally called PAP2, but has recently been renamed as a family of lipid phosphate phosphatases (LPPs) (reviewed in (21) ). In determining lipin activity in cells or tissues, it is important to be aware of by on October 1, 2008 www.jlr.org Downloaded from both PAP1 and LPP activities and to take measures to distinguish these. Lipin PAP1 activity requires Mg 2+ and is inhibited by N-ethylmaleimide, whereas LPP activity is Mg 2+ -independent and is insensitive to the inhibitor (22) . Other differences also exist between the two activities, with LPPs having a broad substrate preference including several lipid phosphate species, while lipin proteins appear to be specific for phosphatidate (9, 21) .
Lipin-1 functions as a transcriptional coactivator
Lipin-1 can localize to several cell compartments. As described above, lipin proteins occur in the cytosol and translocate to the ER membrane, a major site of phosphatidate production, to carry out their PAP1 function. Lipin proteins also possess a nuclear localization signal, and immunocytochemistry studies have shown that lipin-1 can reside in either the nucleus or cytoplasm in adipocytes, suggesting that it may have a specific nuclear function (8) . There is evidence of a role for lipin in the nucleus and in transcriptional activation in yeast. The lipin orthologue in S. pombe, known as Ned1p, interacts with three nuclear proteins that have roles in nuclear envelope formation and nuclear transport (23) . In S. cerevisiae, Pah1p associates with the promoters of phospholipid biosynthetic enzymes to modulate their transcription levels and nuclear membrane synthesis, which is important for nuclear growth during the cell cycle (24) .
Studies in mouse liver indicate that lipin-1 also has a role in the regulation of mammalian gene expression. This function of lipin-1 was uncovered after observing that mice lacking PPARγ coactivator 1α (PGC-1α) fail to activate expression of lipin-1 and fatty acid oxidation genes in the liver during fasting, leading to hepatic steatosis (25) . Further exploration revealed that lipin-1 expression is required for the fasting-induced expression of the nuclear receptor PPARα and several of its target genes that promote fatty acid oxidation. The mechanism by which lipin-1 enhances gene expression is through its association with PGC-1α and PPARα in a physical complex. Lipin-1 itself does not contain a DNA binding domain, but interacts with PPARα through an LxxIL motif located downstream of the PAP1 active site in the C-LIP domain (25) . This motif is conserved in lipin-2 and lipin-3 as well. Interestingly, mutation of the first aspartate residue in the PAP1 active site abolishes lipin-1 PAP1 enzyme activity, but does not diminish coactivator activity in an in vitro assay ((25) and Fig. 2 ). This represents a difference between yeast and mammalian lipin protein function, since all activities of yeast Pah1p, including the effects on phospholipid biosynthesis gene expression, are dependent on PAP1 enzyme activity (26) . In vitro assays indicate that, in addition to PPARα, lipin-1 can interact with nuclear receptors such as PPARδ, hepatocyte nuclear factor 4α, and the glucocorticoid receptor (25) , raising the possibility that lipin-1 influences expression levels of genes regulated by these factors as well. It remains to be determined if lipin-1 has a physiological role as a coactivator in tissues other than liver, and whether lipin-2 and lipin-3 have analogous roles.
Lipin-1 and lipid metabolism in adipose tissue, muscle, and liver
Studies in mouse models and human subjects indicate that lipin-1 influences lipid homeostasis through its action in key metabolic tissues such as adipose tissue, skeletal muscle, and liver.
Adipose tissue. The lipodystrophic phenotype of lipin-1-deficient fld mice suggested a critical function of lipin-1 in adipose tissue, and some of the proposed functions of lipin-1 in adipocytes are outlined in Fig. 3 . These will be discussed in following sections. Lipin-1 plays a critical role in adipocyte development and maturation. Studies of fld embryonic fibroblasts in culture revealed that lipin-1 is required for the expression of key adipogenic transcription factors such as PPARγ and CAAT/enhancer binding protein α (C/EBPα), and for the attainment of mature adipocyte functions including lipogenesis and lipid accumulation (27) . The failure of lipin-1 deficient cells to accumulate triglyceride can now be attributed, at least partially, to the requirement of lipin-1 PAP1 activity for triglyceride synthesis. However, this is not the full story, since lipin-1 is also required for earlier events in adipogenesis, particularly PPARγ expression. One possibility is that the coactivator function of lipin-1 is important for induction of adipogenic genes during differentiation, but this remains to be determined.
Beyond the absolute requirement for lipin-1 in adipocyte development, the lipin-1A and -1B isoforms appear to have distinct roles in this process. During differentiation of 3T3-L1 preadipocytes, lipin-1A is most prominently expressed in early states of differentiation and gradually diminishes as differentiation progresses. By contrast, lipin-1B expression increases with differentiation and it becomes the predominant lipin isoform in mature adipocytes (8) .
Although both lipin-1 isoforms can localize to either the cytosol or the nucleus, the majority of lipin-1B in mature adipocytes is present in the cytosol and the remaining lipin-1A is prevalent in the nucleus. Most significantly, lipin-1A and -1B have distinct effects on adipocyte gene expression during differentiation.
In studies where lipin-1-deficient fibroblasts were reconstituted with each isoform independently, lipin-1A most effectively induced the expression of adipogenic transcription factors PPARγ and C/EBPα, whereas lipin-1B more effectively induced lipid synthesis genes such as fatty acid synthase and diacylglycerol acyltransferase (8) .
Thus, the two lipin-1 isoforms may have complementary roles in adipocyte differentiation.
An interesting new development is the implication of lipin-2 in adipocyte development.
Lipin-2 is also expressed in 3T3-L1 preadipocytes, and diminishes with differentiation, such that it is reciprocally regulated compared to total lipin-1 (28) . A relationship between lipin-1 and lipin-2 expression was further characterized by silencing expression of each separately. In cells treated with shRNA directed against lipin-1, lipin-2 expression increased and persisted longer during differentiation. However, the increased lipin-2 levels could not compensate for the function of lipin-1 in the development of mature adipocytes, confirming the absolute requirement for lipin-1 in adipogenesis. Silencing of lipin-2 expression resulted in increased lipin-1 levels and more rapid induction of the adipocyte fatty acid binding protein aP2, a marker of mature adipocytes. These results show an intriguing difference between lipin-1 and lipin-2 function within adipocytes, despite the fact that both proteins function as effective PAP1 enzymes in biochemical assays (9) .
In vivo, lipin-1 expression levels are robustly correlated with adiposity in mouse models.
As described earlier, lipin-1 deficiency in the fld mouse causes lipodystrophy affecting all of the white adipose tissue depots, as well as interscapular brown adipose tissue (2) . In contrast, enhanced lipin-1 expression targeted to adipose tissue in transgenic mice promotes obesity (29) .
This enhanced lipin-1 expression has no effect on food intake, yet adipose-specific transgenic mice gain weight more rapidly and accumulate twice the adipose tissue mass as wild-type littermates when fed a high fat diet. The adipocytes of the transgenic mice are larger and contain 60% more triglyceride per cell than those in wild-type adipose tissue, but the number of cells per fat pad is unaltered (8, 29) . This suggests that enhanced lipin-1 levels in adipose tissue leads to increased triglyceride storage due to increased PAP1 activity.
The relationship between lipin-1 expression levels and adiposity in humans is not as straightforward as that seen in the mouse. In fact, reduced lipin-1 expression levels have been detected in adipose tissue from obese compared to normal weight subjects (30, 31) . These results appear at first glance to contradict those observed in the mouse. However, a key difference between the adipose tissue lipin-1 transgenic model and human subjects is that the transgene is under the control of a heterologous (adipocyte fatty acid binding protein, aP2)
promoter that is not subject to signals that normally regulate lipin-1 gene expression. It appears that lipin-1 levels may increase during development of adipose tissue to promote triglyceride synthesis and adipocyte maturation, but may be subject to negative regulation in states where triglyceride storage capacity has been reached, as in obesity. An eventual understanding of the factors that regulate lipin-1 gene expression may shed light on the determination of lipin-1 levels in lean and obese states.
A robust positive correlation exists between lipin-1 levels in adipose tissue and insulin sensitivity in both mouse and man. Thus, lipin-1 deficient mice are severely insulin resistant, whereas adipose tissue lipin-1 transgenic mice are surprisingly more insulin sensitive than their wild-type littermates, despite their higher adiposity (2, 29) . This correlation between lipin-1 expression in adipose tissue and insulin sensitivity has also been observed in several studies in human subjects, including obese subjects and healthy young subjects (30) (31) (32) (33) . As would be expected, lipin-1 expression levels in adipose tissue of individuals with HIV-related lipodystrophy are reduced compared to normal subjects (30, 34) . However, even in these patients, a positive relationship was observed between maintaining higher lipin-1 levels and better metabolic state, including improved insulin sensitivity and reduced inflammatory cytokine levels.
The mechanistic basis for the correlation between lipin-1 in adipose tissue and whole body insulin sensitivity is not clear. One possibility is that lipin-1 promotes glucose transporter 4 expression and more efficient glucose uptake in adipocytes (35) . Another possibility is that by on October 1, 2008
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lipin-1 promotes the preferential storage of triglycerides in adipose tissue, thus protecting ectopic lipid storage in tissues such as skeletal muscle, which may contribute to lipotoxicity and insulin resistance. Support for this mechanism comes from the demonstration that increased lipin-1 expression levels in human adipose tissue is associated with reduced intramyocellular lipid content in muscle of the same subjects (31) . A third possibility is that lipin-1 in adipocytes has a role in promoting fatty acid oxidation under some conditions, as observed in liver (25) .
Evidence for this possibility comes from studies of human adipose tissue gene expression in which lipin-1 mRNA levels showed an extremely significant correlation with genes involved in fatty acid oxidation, PPARα and medium chain acyl-CoA dehydrogenase (32) . Additional studies will be required to determine whether these mechanisms are responsible for the positive effect of lipin-1 expression in adipose tissue on insulin sensitivity.
Muscle.
Lipin-1 expression levels in mouse skeletal muscle are similar to those in adipose tissue, suggesting an important role in muscle (4) . This is supported by the observation that overexpression of a lipin-1 transgene in skeletal muscle dramatically alters energy balance.
Thus, muscle lipin-1 transgenic mice eat a normal amount of food, but become obese on a chow diet, and extremely obese on a high fat diet, with four times the fat mass of their wild-type littermates (29) . The obesity is associated with reduced energy expenditure and decreased fatty acid oxidation in muscle. Lipin-1 deficient mice show the opposite phenotype, with increased energy expenditure and fatty acid oxidation. Interestingly, the energy expenditure of fld mice can be normalized by reconstituting lipin-1 expression specifically in muscle, demonstrating that the effect on energy metabolism is due to the direct function of lipin-1 in this tissue (29) . A role for lipin-1 in exercise-induced changes in muscle has been proposed, since expression increases after acute exercise in rats, and coincides with effects on oxidative gene expression (36) . In contrast to the adipose tissue lipin-1 transgenics, the obese muscle transgenics become insulin resistant. This may be a secondary effect of the dramatically increased adipose tissue mass (without the beneficial increase in lipin-1 that is present in the adipose tissue transgenic mice) that accumulates due to reduced energy expenditure.
Liver. The lipin-1 deficient fld mouse exhibits a fatty liver during the neonatal period, suggesting that lipin-1 has an important physiological role in liver (1). However, lipin-1 is expressed at very low levels in liver of adult mice in the fed state (4, 9) , and it contributes relatively little to the total hepatic PAP1 enzyme activity, raising the possibility that lipin-2 and/or lipin-3 fulfill a major part of this function in liver (9, 16) . However, lipin-1 expression in liver increases during fasting, as described earlier. This is instrumental for adaptation to fasting, which increases the potential for TAG synthesis in response to a high fatty acid influx (37) . The increase also enhances the capacity for fatty acid oxidation through the action of lipin-1 as a transcriptional coactivator for fatty acid oxidation genes (25) . In this sense, TAG synthesis should be viewed as a companion pathway, rather than an antagonistic pathway, for β-oxidation since the excess fatty acid stored in cytosolic TAG pools can be turned over later for oxidation.
An emerging picture of the role of lipin-1 and its regulation in hepatocytes is presented in Fig. 4 and discussed in the following sections.
Recent studies have revealed that lipin-1 has a role in hepatic very low density lipoprotein (VLDL) metabolism. Based on the role of lipin-1 as a PAP1 enzyme, one might expect that lipin-1 levels in liver promote synthesis of TAG and its incorporation into VLDL.
However, observations that neonatal fld mice have increased plasma TAG levels (1) and that adenoviral overexpression of lipin-1 in liver leads to reduced circulating TAG levels (25) suggested that the effects of lipin-1 could be more complex. In fact, manipulation of lipin-1 expression levels in liver and hepatocytes isolated from fld mice indicate that lipin-1 levels do not determine rates of TAG synthesis, but rather influence secretion rates of TAG in the form of VLDL-sized particles that contain apoB48 (38) . There was little secretion of apoB100containing VLDL particles in these studies. Compared to wild-type, hepatocytes from fld mice had increased VLDL-TAG secretion and very high expression levels of stearoyl-CoA desaturase-1 (Scd1) (38) , which is known to be a major regulator of VLDL secretion (39) . Adenoviral overexpression of lipin-1B did not affect TAG synthesis rates, but it suppressed VLDL secretion and Scd1 expression without affecting the expression levels of microsomal triglyceride transfer protein and apoB (38) . It was determined through the use of mutant lipin-1 molecules, that this effect requires lipin-1 transcriptional coactivator, but not PAP1, activity. However, it is unclear at present what transcriptional targets are important in mediating this effect. These results (38) also provide strong evidence for the participation of lipin-2 or -3 in promoting high levels of VLDL secretion.
Additional support for a role of lipin-1 in VLDL-TAG secretion comes from a study of hepatic gene expression performed in humans. Hepatic lipin-1 mRNA levels were measured in obese subjects before and after undergoing gastric bypass surgery (40) . Analogous to relationships observed between lipin-1 levels in adipose tissue, lipin-1 levels were inversely related to body mass index and insulin resistance. But most interestingly, following the dramatic weight loss associated with the gastric bypass surgery, lipin-1 mRNA levels were increased and rates of VLDL-TAG secretion were decreased. Similarly, a reduction in VLDL secretion in a mouse model of the Metabolic Syndrome can be induced by overexpression of lipin-1 in the liver of these mice (38) . Thus, lipin-1 levels in liver may be an important modulator of circulating TAG levels in both mouse and humans. 
Lipins and signal transduction
In addition to the effects of the lipin proteins in controlling TAG synthesis and transcriptional regulation, PAP1 also appears to be involved in cell signaling. Both the substrate (phosphatidate, PA) and product (diacylglycerol, DAG) of the PAP1 reaction are bioactive lipids, which influence many aspects of cell activation (see (21) for review). Direct evidence for PAP1 involvement in signal transduction has been reported. PAP1 appears to regulate EGF signaling since it co-immunoprecipitates with EGF receptors, which on activation appear to transfer the PAP1 activity to protein kinase-C-ε (PKC-ε), a DAG-dependent PKC (41) . PAP1 activity is also involved in cyclo-oxygenase expression and eicosanoid formation when WISH cells are activated through PKC (42) and when macrophages are stimulated with lipopolysaccharide (43) . The exact mechanisms for these actions are yet to be elucidated. However, this combined work, together with evidence that the regulation of PA concentration in yeast nuclei controls gene expression (44) , point to a role for the lipins in controlling cell signaling through modulating PA and DAG levels.
Regulation of lipin-1 expression and activity
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The accumulating evidence that lipin proteins are important determinants of lipid homeostasis has spurred interest in identifying mechanisms that regulate lipin expression and activity. Lipin activity appears to be regulated at several levels including transcription, posttranslational modification, and subcellular localization. As discovered many years before the lipin genes were identified, PAP1 activity is primarily cytosolic and translocates to the ER membrane in response to fatty acids. Treatment with okadaic acid displaces PAP1 from the ER membrane, suggesting that its translocation is regulated by phosphorylation (45) . Direct evidence for this phosphorylation will be discussed below. In liver, PAP1 activity increases in starvation, diabetes, hypoxia, and ethanol-induced fatty liver, as well as in response to glucocorticoids (37) . However, PAP1 activity in adipose tissue is regulated differently than in liver, with decreased activity in diabetes and starvation, commensurate with decreased TAG accumulation and increased lipolysis (46) . This decrease in PAP1 activity was reversed two hours after administration of insulin, which indicates that it is probably not related to decreased lipin expression. Now that molecular probes and expression vectors are available for each of the three lipin genes, it possible to examine the mechanisms underlying these changes in PAP1 activity versus concentration in different tissues and attribute them to specific lipin family members.
Lpin1 gene expression is modulated by several stimuli. Glucocorticoids are a key stimulus for lipin-1 expression during adipocyte differentiation, and act through glucocorticoid receptor that is bound to sequences upstream of the Lpin1 gene (47) . Lipin-1 expression in adipose tissue is also enhanced in vivo in circumstances characterized by increased glucocorticoid levels such as obesity and fasting (46, 47) (Fig. 3) . The increase in lipin-1 expression in fasting probably provides the capacity for the increased synthesis of TAG, which is (16) . By contrast, the glucocorticoid-induced lipin-1 accumulation occurring in obesity is associated with increased TAG accumulation in adipose tissue.
In adipose tissue, lipin-1 is also induced by thiazolidinediones, insulin-sensitizing compounds that act as PPARγ agonists (31) , and by the small molecule harmine, which also increases insulin sensitivity (48) . These results raise the possibility that induction of lipin-1 expression contributes to the insulin-sensitizing effect of these compounds. In skeletal muscle, lipin-1 expression is induced by acute exercise as well as by treatment with activators of AMPactivated protein kinase or the β2-adrenergic receptor (36) . The orphan nuclear receptor NOR-1 may mediate the effect of β-adrenergic signaling on lipin-1 expression, since NOR-1 is recruited to the Lpin1 promoter in response to β2-adrenergic receptor stimulation (49) .
Expression of all three lipins, including both splice variants of the Lpin1 gene, can be detected in hepatocytes (9, 50) , making it unclear which of these is responsible for the observed increase in hepatic PAP1 activity that occurs in various conditions where the activity of glucocorticoids is increased relative to insulin (45) . Analysis of gene expression in mouse and rat hepatocytes has revealed distinct regulation of Lpin1, Lpin2, and Lpin3 genes.
Glucocorticoids, which increase hepatic PAP1 activity, increase lipin-1A and -1B mRNA and protein levels (50) . Glucocorticoid stimulation of Lpin1 expression is enhanced by glucagon or cAMP, but is antagonized by insulin ( Fig. 4) , responses that are similar to the regulation of key enzymes in gluconeogenesis. Neither lipin-2 nor lipin-3 mRNA levels are affected by glucocorticoid and cAMP, indicating that the effects of these stimuli on PAP1 activity are attributable specifically to modulation of lipin-1 levels. These results provide a mechanism for the early observations of increased hepatic PAP1 activity in conditions characterized by increased glucocorticoid or cAMP effects, such as in the circadian cycle, severe stress, starvation, diabetes, and ethanol intoxication (45) . Direct evidence that glucocorticoids increase lipin-1 levels in liver and adipose tissue during the circadian cycle has been provided (51) , and this is confirmed by the abolishment of cycling in adrenalectomized mice (52) . Dietary fatty acids, particularly saturated fatty acids, dramatically induce lipin-1 expression in liver, an effect that is mediated by PPARα (53) . Lipin-1 expression levels in liver and uterus vary through the estrous cycle, with lowest levels when blood estrogen levels are at their peak (54) . Thus, Lpin1 gene expression appears to be repressed by estrogen, which may contribute to a role for lipin-1 in fertility and in linking estrogens with lipid metabolism.
As described above, lipin-1 is responsible for the glucocorticoid-induced PAP1 activity in the liver during stress, insulin resistance and diabetes. It was proposed that this provides the extra capacity for the liver to synthesize TAG and sequester fatty acids in cytosolic fat droplets when fatty acid build-up causes translocation of PAP1 (lipin-1) to the endoplasmic reticulum (37) . This could provide protection against the lipotoxic effects of elevated unesterified fatty acid and acyl-CoA concentrations. Also, the glucocorticoid-induced increase in lipin-1 activity and fatty acid supply could help to maintain VLDL secretion in catabolic conditions to provide a source of energy together with glucose and ketones for other organs (37) . Glucocorticoids are powerful inducers that increase VLDL secretion and this effect is antagonized by insulin (55) , in parallel to the expression of lipin-1. In general, insulin insensitivity and increased glucocorticoid action in the Metabolic Syndrome is accompanied by hypertriglyceridemia (56) .
Beyond transcription, phosphorylation of the lipin-1 protein appears to influence lipin-1 subcellular compartmentalization and activity. Lipin-1 is phosphorylated in response to insulin and amino acids, an effect that is inhibited by rapamycin and therefore dependent upon the mammalian target of rapamycin (mTOR) (7, 16) . Although numerous phosphorylation sites have been identified in both lipin-1 and in yeast Pah1p (16, 24) , Ser 106 of mouse lipin-1 appears to be a major site of insulin-stimulated phosphorylation (16) . Lipin-1 is dephosphorylated in response to oleic acid or epinephrine. Phosphorylation does not appear to alter the intrinsic PAP1 activity of lipin-1 protein, but promotes cytosolic over microsomal localization (16) , which may decrease the physiological expression of PAP1 activity. Reduced PAP1 activity during mitosis is associated with phosphorylation of lipin-1 and lipin-2 (28) . Thus, phosphorylation appears to be an important mechanism for modulation of PAP1 activity.
Specific phosphatases have been identified for Pah1p in yeast (Nem1p) (24) and for lipin-1 (Dullard) (57) . These phosphatases may have critical roles in modulating lipin PAP1 function, with important effects on processes such as nuclear membrane biogenesis and TAG synthesis. It remains to be determined whether phosphorylation also acts as a mechanism to regulate nuclear localization of lipin-1.
Genetic variation in lipin genes and human disease
As described earlier, Lpin1 mutations in the mouse cause lipodystrophy. The earliest LPIN1 genetic association study in humans showed a correlation between adipose tissue lipin-1 mRNA levels and fasting glucose and insulin values in a small group of individuals (33) . To determine whether common LPIN1 genetic variants may influence these traits, single nucleotide polymorphisms (SNPs) throughout the gene were typed in both a casecontrol sample of lean and obese subjects, and in a large cohort of hyperlipidemic individuals.
Significant associations were detected between individual SNPs as well as haplotypes comprised of multiple SNP markers and insulin levels and body mass index (BMI) (33) . Associations between LPIN1 polymorphisms or haplotypes in several additional population samples have now been described for BMI (59) (60) (61) , insulin levels (60, 61) , resting metabolic rate (60) , and systolic blood pressure (61, 62) . One study that analyzed individuals from two different generations within families showed that some associations are age-dependent. Thus, the association of LPIN1 genotype with insulin levels was stronger in the younger generation (offspring), whereas association with resting metabolic rate occurred in individuals from the older generation (parents) (62) . It is significant that LPIN1 genotype is associated with several individual features of the Metabolic Syndrome, as well as with an overall "metabolic syndrome factor score" (61), and may reflect the roles that lipin-1 has in several tissues that influence metabolic homeostasis.
Furthermore, a specific LPIN1 polymorphism is associated with the response of type 2 diabetics to thiazolidinedione treatment (63) .
Recent work has revealed the occurrence of lipin-2 mutations in human disease.
Mutation of LPIN2 causes Majeed syndrome, an inflammatory disorder characterized by recurrent bouts of osteomyelitis, dyserythropoietic anemia, and cutaneous inflammation, demonstrating that lipin-2 function cannot be substituted by other lipin family members (64, 65) .
Three LPIN2 mutations have been characterized, including a frame-shift mutation that produces by on October 1, 2008 www.jlr.org Downloaded from a premature stop codon, a point mutation that results in a single amino acid substitution in the C-LIP domain, and a donor splice site mutation (64, 66) . The mechanisms by which loss of lipin-2 causes this inflammatory disease are not known. It has been observed that lipin-2 expression is induced in liver and lung in response to experimentally induced oxidative stress, suggesting a potential role for lipin-2 in controlling inflammation resulting from oxidative stress (67, 68) .
Interestingly, using genome-wide genetic linkage analysis, a region on chromosome 18p11, which harbors the LPIN2 gene, was linked to BMI and insulin sensitivity in multiple populations (reviewed in (69)). Subsequent high resolution genotyping revealed an SNP within the 3' untranslated region of the LPIN2 gene that is associated with increased diabetes risk in individuals with high BMI, and neutral or protective effects in lean individuals (70) . At this point, no studies have been reported on LPIN3.
Future perspectives
The lipin proteins have now been established as PAP1 enzymes having critical roles in glycerolipid synthesis in key metabolic tissues such as adipose tissue, muscle, and liver. Liver ?
